We examined p53 protein stability and DNA damageinduced p53-dependent responses in a human leukemic CEM cell line and two teniposide-resistant sublines, CEM/VM-1 and CEM/VM-1-5 (*40 and 400-fold resistant to teniposide, respectively). Although all cell lines contain the same p53 mutations at codons 175 (Arg?His) and 248 (Arg?Gln), the constitutive levels of p53 were progressively increased with the resistance of the cells to teniposide. By pulse-chase experiments, we found that the half-lives of mutant p53 protein were approximately 12, 17, and 430 h in CEM, CEM/VM-1, and CEM/VM-1-5 cells, respectively. The prolonged half-lives of p53 in these cells is consistent with the fact that the protein harbors the indicated mutations. Of note, however, is the fact that the increased p53 protein half-lives in the two drug-resistant cell lines corresponds to a proportional decrease in MDM2 protein levels but an increase in p53-MDM2 binding interactions. This suggests that MDM2-mediated p53 degradation may be altered in our leukemic cell lines. The DNA damageinduced p53 response is fully functional in the drugsensitive CEM cells containing a mutant p53, but this pathway is attenuated in the drug-resistant cells. Speci®cally, while the mutant p53 was phosphorylated at serine-15 in response to ionizing radiation in all these cell lines, mutant p53 induction in response to teniposide or ionizing radiation and induction of the p53-target genes, p21 and GADD45 only occurred in the drugsensitive CEM cells. As assessed by MTT cytotoxicity assay, CEM cells were also signi®cantly more sensitive to ionizing radiation, compared to the drug-resistant cell lines, and this correlated with p53 induction. Collectively, these results suggest that changes in constitutive mutant p53 protein levels, p53-MDM2 binding interactions, and altered regulation of the DNA damage-inducible p53-dependent pathway may play a role in drug-and radiation-responsiveness in these cells. Oncogene (2000) 19, 5010 ± 5019.
Introduction
Alterations of the p53 gene, including point mutations and allelic loss, have been linked to a wide variety of human cancers (Hollstein et al., 1991) , suggesting that the loss of wild type (wt) p53 function is associated with oncogenic transformation (Eliyahu et al., 1989; Finlay et al., 1989) . p53 is a nuclear phosphoprotein that, when induced, can mediate either an arrest in the cell cycle prior to or near the restriction point in G1 or programmed cell death following exposure to certain DNA-damaging agents (Ullrich et al., 1992; Donehower and Bradley, 1993) , thus maintaining genomic integrity and aiding in the suppression of malignant transformation (Hartwell and Kastan, 1994) . The induction of wt p53 protein levels in response to DNA damage is regulated by post-transcriptional mechanisms and correlates with a subsequent increase in p53 activity (Maltzman and Czyzyk, 1984; Kastan et al., 1991; Tishler et al., 1993) . p53 protein activity is believed to be regulated in part by phosphorylation. In response to both ionizing radiation and ultraviolet irradiation, p53 is phosphorylated at highly conserved serine residues at the amino-terminus (Giaccia and Kastan, 1998; Prives, 1998) . This post-translational modi®cation of p53 in response to DNA damaging agents correlates with both increased levels of p53 as well as p53-mediated transactivation of several genes, including the growth arrest-related gene products p21, GADD45, and MDM2, and the cell death-promoting gene product, bax El-Deiry et al., 1993; Harper et al., 1993; Zambetti and Levine, 1993; Smith et al., 1994; Miyashita and Reed, 1995) . Unlike p21 or GADD45, DNA damage-induced p53 transactivation of MDM2 blocks p53-mediated transcriptional activity (Momand et al., 1992; Zauberman et al., 1993) . Inhibition of p53 activity is mediated by binding of MDM2 to the amino-terminus of p53 that then targets p53 for rapid degradation (Haupt et al., 1997; Kubbutat et al., 1997) . However, DNA damageinduced phosphorylation of p53 can block binding of the p53 inhibitor, MDM2, thereby preventing MDM2-mediated degradation of p53 (Prives, 1998) .
Several studies support the view that loss of wt p53 function can contribute to enhanced tumorigenesis either by loss of p53-mediated checkpoint control, resulting in enhanced genetic instability, or by failure to induce cell death in inappropriate physiological situations (for review see Morgan and . However, in contrast to wt p53, there is little understanding of the role mutant (m) p53 plays in tumor cell responsiveness to therapies that include DNA damaging agents. In the present study, we attempted to assess the role of mp53 in the p53-dependent DNA damage response pathway of drugsensitive and teniposide (VM-26)-resistant human leukemic CEM cell lines. VM-26 resistance in these cells is associated with both decreased activity of DNA topoisomerase IIa (Danks et al., 1988) , and with increased expression of MRP (Wang and Beck, 1998) . Topoisomerase IIa in these drug-resistant cells harbors point mutations in the cDNA (Bugg et al., 1991; Danks et al., 1993) . CEM cells also contain two missense p53 mutations at codons 175/248 located on separate alleles (Cheng and Haas, 1990) . This p53 mutant has the ability to transactivate a reporter construct containing a p53 high anity DNA binding site (Park et al., 1994) , suggesting that some mp53 gene products may have dierent biological properties.
In the work reported herein, we found that (1) increased p53 protein half-lives in the drug-resistant cell lines corresponds to a proportional decrease in MDM2 protein levels but an increase in p53-MDM2 binding interactions, suggesting that MDM2-mediated p53 degradation may be altered in our drug-resistant leukemic cell lines; and (2) the DNA damage-induced p53-dependent responses were progressively attenuated in the drug-resistant cells compared to the drugsensitive cells, suggesting that only the drug-sensitive CEM cells express a functionally active form of a mutant p53. Our data suggest that changes in mp53 protein stability, mp53-MDM2 binding interactions, and altered regulation of the DNA damage-induced p53-dependent signal transduction pathway may all play a role in drug and radiation responsiveness in these cell lines.
Results

Levels of expression of mp53 protein in VM-26-sensitive and -resistant CEM cells
It has been established that the parental leukemic CEM cell line contains heterozygous mutations located in exon 5 (codon 175, Arg?His) and exon 7 (codon 248, Arg?Gln), with each mutation residing on a dierent allele, resulting in the cells having no wild-type p53 protein (Cheng and Haas, 1990) . In order to compare the basal expression levels of mp53 protein between VM-26-sensitive (CEM) and -resistant (CEM/VM-1 and CEM/VM-1-5) cells, p53 was immunoprecipitated from 35 S-labeled cell extracts using three dierent antip53 antibodies (PAbs 421, 1620, and 240) . As shown in Figure 1 , the basal levels of the p53 protein recognized by monoclonal antibody PAb 421 are increased in the drug-resistant cells compared to the drug-sensitive parental cell line, CEM. Furthermore, this increase in p53 protein appears to coincide with the resistance of these cells to VM-26 (CEM/VM-1 is approximately 40-fold resistant and CEM/VM-1-5 is approximately 400-fold resistant to VM-26; Danks et al., 1988) . The monoclonal antibody PAb 1620, which only recognizes the conformational epitope of wt p53 in immunoprecipitates, also detected increased p53 protein levels in the drug-resistant cells (Figure 1 ). In contrast, the monoclonal antibody PAb 240, which only has selective reactivity for mp53 in immunoprecipitates, precipitated low levels of the p53 protein; these were seen to be unchanged among the drug-sensitive and -resistant cell lines (Figure 1) .
Results from Figure 1 support the idea that a compound heterozygous p53 mutation at codons 175 and 248 (Cheng and Haas, 1990) can exhibit a wildtype conformational change, known as pseudo wildtype p53. This is supported by the observation that the mp53 protein was preferentially precipitated by an antibody speci®c for wt p53 conformation (PAb 1620) rather than by an antibody speci®c for mutant conformation (PAb 240). Therefore, increased levels of conformationally wt 53 protein may contribute to the enhanced levels of mp53 in the resistant cell lines.
Nucleotide sequencing of p53 in VM-26-sensitive and -resistant CEM cells
To determine whether there were any additional p53 mutations in the VM-26-resistant cell lines, exons 2-11 of the p53 cDNA in CEM, CEM/VM-1, and CEM/ VM-1-5 cells were ampli®ed by PCR and examined by direct sequence analysis. Nucleotide sequencing of the entire coding region of the p53 gene in CEM, CEM/ VM-1, and CEM/VM-1-5 cells con®rmed the same heterozygous mutations at codons 175 (exon 5) and 248 (exon 7) (data not shown) reported by others (Cheng and Haas, 1990) . No other mutations in the coding region of the p53 gene were observed in the drug-sensitive or -resistant CEM cells (data not shown), indicating that the overexpression of p53 in drug-resistant cells, compared to the drug-sensitive parental cell line, is not due to additional mutations in the p53 gene.
p53 half-lives in VM-26-sensitive and -resistant CEM cells
To determine whether the increases in mp53 protein levels in our VM-26-resistant cells compared to the -sensitive cells is due to increased stability, the p53 protein half-life was determined by pulse-chase S-labeled CEM, CEM/VM-1, and CEM/VM-1-5 cellular extracts using p53 antibodies that react with wild-type and mutant p53 (PAb 421), with a conformational epitope of wild-type p53 (PAb 1620), or with mutant p53 (PAb 240). Proteins were resolved by 10% SDS ± PAGE, and the gels were dried and then directly autoradiographed experiments. As shown in Figure 2 , the long half-life (*12 h) of p53 in the drug-sensitive CEM cells re¯ects its mutant status. Moreover, the mp53 halflives in CEM/VM-1 and CEM/VM-1-5 cells were progressively increased compared to CEM, in association with the resistance of the cells to VM-26. These results demonstrate that the progressively longer half-lives of the mp53 protein in the VM-26-resistant cells are due to impairment of their degradation.
Expression of MDM2 protein in VM-26-sensitive and -resistant cells treated with DNA damaging agents Since MDM2 can negatively regulate p53 levels by binding to the amino-terminus of p53, thereby targeting p53 for rapid degradation (Haupt et al., 1997; Kubbutat et al., 1997) , we asked whether the levels of MDM2 were altered in the drug-resistant cell lines, CEM/VM-1 and CEM/VM-1-5, compared to the parental CEM; if so, this may help explain the altered p53 half-lives in these cells. As revealed by Western blot analysis, the constitutive levels of MDM2 protein were progressively decreased with the resistance of the cells to b) . In contrast, the constitutive levels of p53 were progressively increased with the resistance of the cells to VM-26 (Figure 3a) . Interestingly, the levels of MDM2 decreased with time in response to 2 Gy irradiation (Figure 3a) , or in response to equitoxic doses of VM-26 (Figure 3b ) in both the drugsensitive and -resistant cells. As controls, it is seen in Figure 3c that MDM2 protein can be induced by 6 h in response to 2 Gy irradiation in an ovarian tumor cell line containing wild-type p53 (PA-1) but not in a cell line containing mutant p53 (SW626). This p53-dependent induction of MDM2 in response to DNA damage has been reported previously . Thus, in our CEM cell lines, the apparent inverse correlation between p53 and MDM2 protein levels suggests that MDM2 may play an important role in mp53 stability in our cell lines.
p53-MDM2 binding interactions in VM-26-sensitive and -resistant CEM cells
The possibility exists that enhanced p53 stabilization in the drug-resistant cells may be due in part to modi®cations of the p53 protein that prevent p53-MDM2 interactions, thus resulting in abrogation of MDM2-mediated p53 degradation. To address this possibility, a co-immunoprecipitation experiment was performed to analyse p53-MDM2 binding interactions in CEM, CEM/VM-1, and CEM/VM-1-5 cells. Immunoprecipitation and immunoblotting of p53 revealed that p53 protein levels were progressively increased in association with the resistance of the cells to VM-26, as expected ( Figure 4 , bottom panel). Of importance, immunoprecipitation of p53 and immunoblotting for MDM2 revealed that p53-MDM2 interactions occur in Figure 2 The half-lives of the p53 protein in CEM, CEM/VM-1, and CEM/VM-1-5 cells were examined by pulse-chase experiments as described in`Materials and methods'. Cellular protein was extracted from 35 S-labeled cells at the times indicated and p53 was immunoprecipated using the anti-p53 antibody, PAb 421. Proteins were resolved by 10% SDS ± PAGE, and the gels were dried and then directly autoradiographed. This ®gure is representative of at least three independent experiments. t 1/2 , half-life (a) Immunoblot analysis of p53 and MDM2 was done on CEM, CEM/VM-1, and CEM/VM-1-5 cells untreated or treated with 2 Gy ionizing radiation (IR). Cells were harvested at the indicated times after treatment and lysates were resolved by 10% SDS ± PAGE. After electrophoretic transfer, the nitrocellulose was cut and immunoblotted with either anti-p53 (Ab-6, top panel), or anti-MDM2 (Ab-1, bottom panel) as described in`Materials and methods'. (b) Immunoblot analysis of MDM2 was done on drugsensitive and -resistant cells untreated or treated with the indicated equitoxic doses of VM-26. Cells were harvested 6 h after treatment and lysates were resolved and immunoblotted as described above. (c) Immunoblot analysis of MDM2 was performed on the human ovarian cell lines PA-1 and SW626 untreated or treated with 2 Gy ionizing radiation (IR) and cells were harvested at the indicated times and immunoblotted using anti-MDM2 (Ab-1) antibody as described in`Materials and methods'. These Western blots are representative of at least three separate experiments both drug-sensitive and -resistant cells (Figure 4 , top panel). Interestingly, the amount of MDM2 coimmunoprecipitated appeared to be increased in association with the resistance of the cells to VM-26. As a negative control, an immunoprecipitation reaction was also performed using a mouse immunoglobulin of the same isotype as the anti-p53 antibody ( Figure 4) . Thus, the observed increase in p53-MDM2 binding interaction in the drug-resistant cells suggests that enhanced p53 stabilization in the drug-resistant cells is not due to an abrogation of p53-MDM2 binding. Furthermore, the increase in p53 protein levels and in p53-MDM2 binding in the drug-resistant cells, suggests that the pathway leading to MDM2-mediated p53 degradation may be altered.
Effect of VM-26 on mp53 protein induction in VM26-sensitive and -resistant CEM cells
To determine whether mp53 in the drug-sensitive and -resistant cells is functional, we performed p53 immunoblot experiments to ask whether mp53 can be induced in response to VM-26 in CEM, CEM/VM-1 and CEM/VM-1-5 cells. As shown in Figure 5 , the level of mp53 protein in CEM cells treated with 0.2 mM VM-26 (a 48 h IC 50 value; Chen and Beck, 1993) or 1 mM VM-26 increased in a time-dependent manner up to 24 h after treatment. However, in the drug-resistant cells, treatment with equitoxic doses of VM-26 (8 mM for CEM/VM-1 and 100 mM for CEM/VM-1-5; Kim and Beck, 1994) produced no alterations in the level of mp53 protein (Figure 5b ). The lack of responsiveness of mp53 in CEM/VM-1-5 cells might be due to the high (possibly maximum) constitutive overexpression of mp53, therefore making the results dicult to interpret. Densitometric scanning of the p53 protein levels clearly revealed the dierences in responsiveness of the mp53 protein after VM-26 treatment in drugsensitive and -resistant cells ( Figure 5c ). These ®ndings suggest that the accumulation of mp53 protein in response to VM-26 in the drug-sensitive CEM cells might play a role in their response to DNA damage, since induction of mp53 protein by VM-26 appears to be attenuated or absent in the drug-resistant cells.
Ionizing radiation induces phosphorylation of p53 in both drug-sensitive and -resistant cells
To better understand whether the DNA damageinducible p53-dependent pathway is functional in the drug-sensitive compared to the drug-resistant cell lines, p53 phosphorylation in response to ionizing radiation was examined in CEM, CEM/VM-1, and CEM/VM-1-5 cells. p53 is phosphorylated at amino-terminal serine residues in response to DNA damage (Giaccia and Kastan, 1998; Prives, 1998) . This de novo phosphorylation is believed to be involved in the subsequent induction and activation of p53 (Siliciano et al., 1997) . By Western blot analysis we examined the levels of total p53 protein and p53 protein phosphorylated on serine-15 derived from untreated, irradiated, or ALLNtreated drug-sensitive and -resistant cells using antibodies speci®c for p53 (Ab-6) and phosphoserine-15 p53. Figure 6 shows a representative immunoblot of mp53 (top panel) and serine-15 phosphorylated mp53 (bottom panel) in drug-sensitive and -resistant CEM cells. In response to 2 Gy irradiation, the levels of mp53 protein increased in CEM cells, whereas these levels did not appear to change in the drug-resistant cells, although their constitutive levels were higher than those of the CEM cells ( Figure 6, top panel) . Interestingly, ionizing radiation-induced phosphorylation of p53 on serine-15 was observed for both drugsensitive and -resistant cells (Figure 6 , bottom panel). In contrast very little or no p53 serine-15 phosphorylation was observed in either unirradiated (control) or in cell lines treated with the proteosome inhibitor, ALLN, despite the fact that there were equivalent amounts of total p53 protein in irradiated cells compared to ALLN-treated cells ( Figure 6 ). These results suggest that the IR-induced signal transduction pathway involving p53 phosphorylation remains intact in both the VM-26-sensitive and -resistant cell lines alike.
Effect of DNA damaging agents on p21 and GADD45 protein induction and cell death in VM-26-sensitive and -resistant cells Phosphorylation and induction of p53 in response to DNA damaging agents result in p53-mediated transactivation of several genes including p21, GADD45, and MDM2 (Kastan et al., 1992; El-Deiry et al., 1993) . To determine whether these p53-target genes can be induced in response to DNA damage in our drugsensitive and -resistant cells containing a mutant p53, levels of p21 and GADD45 were examined by Western blot in VM-26-treated or ionizing radiation-treated CEM, CEM/VM-1, and CEM/VM-1-5 cells. Figure 7a reveals that at 6 h after treatment of the drug-sensitive CEM cells with VM-26, the level of p21 protein increased in a dose-dependent manner (up to fourfold increase). In contrast, p21 protein did not appear to be signi®cantly induced in either of the drug-resistant cell lines in response to equitoxic doses of VM-26 ( Figure  7a) . Moreover, as with p53, p21 appeared as a doublet and was constitutively up-regulated in the drugresistant cells. Similarily, GADD45 was induced in the drug-sensitive CEM cells within 6 h in response to DNA damage, whereas in the drug-resistant cells there was little (CEM/VM-1) or no (CEM/VM-1-5) detectable GADD45 induction (Figure 7b ). Equivalent amounts of total cellular protein were loaded for each blot as determined by probing for b-actin (Figure 7a,  b) .
In response to DNA damage, p53 can mediate either a cell cycle arrest or programmed cell death (Ullrich et Figure 6 Eect of ionizing radiation on p53 phosphorylation in VM-26-sensitive and-resistant cells. Western blot analysis of p53 was done on CEM, CEM/VM-1 and CEM/VM-1-5 cells that were either untreated (control) or treated with 2 Gy irradiation or 20 mM ALLN. Cells were harvested at 24 h after treatment and lysates were resolved by 10% SDS ± PAGE. After electrophoretic transfers, duplicate membranes were immunoblotted with either anti-p53 (Ab-6, top panel), or anti-phosphoserine-15 p53 (bottom panel) as described in`Materials and methods'. These Western blots are representative of at least three separate experiments (b) Immunoblot analysis of GADD45 was performed on drugsensitive and -resistant cells treated with 2 Gy ionizing radiation (IR). All cells were harvested at 6 h following treatment and lysates were resolved by 12% SDS ± PAGE. p21 was detected using an anti-p21 antibody (Ab-5, panel a) and GADD45 was detected using an anti-GADD45 antibody (panel b), as described in`Materials and methods'. Equal loading of total cellular protein was determined by blotting for b-actin. These Western blots are each representative of at least three separate experiments al., 1992; Donehower and Bradley, 1993) . Cell death in response to ionizing radiation was therefore examined in VM-26-sensitive and -resistant cell lines as assessed by a MTT cytotoxicity assay. The CEM cells were statistically signi®cantly more radiosensitive to 4 and 6 Gy of ionizing radiation than the CEM/VM-1 or CEM/VM-1-5 cell lines as determined by the Student's t-test (Figure 8) . The CEM/VM-1 cells exhibited an intermediate sensitivity to irradiation whereas the CEM/VM-1-5 cells were the most radioresistant. Enhanced radiation-induced cell death corresponded to an ionizing radiation-induced increase in p53 protein levels only in the parental CEM cells (data not shown). These changes in sensitivity between the drug-sensitive and resistant cells do not appear to be due to altered cell cycle regulation, as treatment of these cells with 4 Gy of ionizing radiation induced a G2/M cell cycle checkpoint by 24 ± 48 h in all cell lines examined (data not shown).
Comparison of results in Figures 6 ± 8 indicates that while mp53 was phosphorylated at serine-15 in response to DNA damage in the drug-sensitive and -resistant cells alike, induction of mp53 as well as the p53-target genes, p21 and GADD45, and enhanced cell death in response to ionizing radiation or VM-26 only occurred in the drug-sensitive CEM cells. Therefore, the DNA damage-inducible p53-dependent pathway that leads to cell death appears to be functional in drug-sensitive CEM cells containing mutant p53, but this pathway, post-DNA damage-induced p53 phosphorylation, is attenuated or missing in the drugresistant cells.
Effect of DNA damaging agents on bax and bcl-2 protein expression in VM-26-sensitive and -resistant cells
To determine whether resistance to DNA damageinduced cell death in the drug-resistant cells could be associated in part with dierential expression of the p53-regulated apoptosis-related genes, bax and bcl-2, we measured levels of these proteins in VM-26-treated CEM, CEM/VM-1, and CEM/VM-1-5 cells. Bcl-2 protects cells from drug-induced cell death (Reed, 1994; Boise et al., 1995) , while bax, a p53 target gene, promotes apoptosis (Oltvai et al., 1993; Selvakumaran et al., 1994; Sedlak et al., 1995) . Altered levels of these apoptosis-related proteins are believed to be a determinant of cellular resistance to various death-inducing cytotoxic drugs (Craig, 1995) . Figure 9a ,b shows a representative immunoblot of bcl-2 and bax in our drug-sensitive and -resistant cells. In response to 10 mM VM-26, the levels of bcl-2 (26 kDa) and bax (21 kDa) proteins did not appear to change in both drug-sensitive and -resistant cells (Figure 9a,b) . One exception, however, was that by 24 ± 48 h post treatment, bax levels were reduced in the CEM cells, which is a result of extensive cell death. At 8 h-post treatment, CEM cells also exhibited a bcl-2 cleavage product of *23 kDa that increased in intensity with longer treatment, while in the resistant cells, the appearance of this cleaved product in response to VM-26 was delayed or not seen ( Figure   Figure 8 Radiation sensitivity in VM-26-sensitive and -resistant cells. CEM, CEM/VM-1, and CEM/VM-1-5 cells were exposed to 0, 2, 4, 6 and 10 Gy of ionizing radiation and incubated at 378C in a humidi®ed chamber containing 5% CO 2 , 95% air. Cell survival was determined 96 h later using the MTT cytotoxicity assay as described in`Materials and methods'. s.e. error bars . It is known that bcl-2 is cleaved in its loop domain by caspase-3 in response to apoptotic stimuli, creating a 23 kDa cleavage product that has pro-apoptotic activity (Cheng et al., 1997) . Interestingly, while we detected no substantial changes in bcl-2 or bax protein expression in response to drug, we did observe that the constitutive levels of these proteins varied between the drug-sensitive and -resistant cells. On average, bcl-2 protein levels were increased up to twofold in the drug-resistant cells and bax protein levels were reduced by approximately 50% in the drug-resistant compared to -sensitive cells (Table  1 ). The high ratio of bcl-2 to bax in the VM-26-resistant cells is consistent with the idea that increased levels of anti-apoptotic genes and decreased levels of pro-apoptotic genes can play a role in drug resistance (Craig, 1995) . That there is a higher ratio in CEM/VM-1 compared to CEM/VM-1-5 cells suggests that other factors are likely to play a role in the resistance of these cells to anticancer drugs and ionizing radiation.
Discussion
We examined p53 protein stability and DNA damageinduced p53-dependent responses in a human leukemic CEM cell line and in the VM-26-resistant sublines, CEM/VM-1 and CEM/VM-1-5. From this study we arrived at two novel observations. First, although both the drug-sensitive and -resistant cells contain the same p53 mutations, we observed an increase in p53 protein half-life that corresponded to a decrease in MDM2 protein levels and an increase in p53-MDM2 binding interactions only in the drug-resistant cells, suggesting that MDM2-mediated p53 degradation may be altered in these leukemic cell lines. Second, because treatment of the drug-sensitive CEM cells with DNA damaging agents resulted in the phosphorylation of mp53 at serine-15, mp53 protein induction, induction of the p53 target genes, p21 and GADD45, and enhanced radiosensitivity, this suggests that only the drug-sensitive CEM cells express a functionally active form of a mutant p53, compared to the drug-resistant cells. Collectively, these observations suggest that changes in mp53 protein stability, p53-MDM2 binding interactions, and alterations in a functionally active mp53 response pathway may play a role in the drug and radiation responsiveness of these cells. Furthermore, since CEM/VM-1 and CEM/VM-1-5 cells also exhibit radioresistance and have increased bcl-2/bax ratios compared to CEM cells, this suggests not only that the overall DNA damage response pathway leading to cell death is impaired in these resistant cells, but also that selection for resistance to VM-26 can lead to partial cross-resistance to ionizing radiation.
Mutant p53 protein appears to play an active role in the DNA damage response in the CEM cells. This is not surprising since several studies have reported that mp53 can exhibit functional properties similar to those of wt p53. For example, doxorubicin treatment led to an increase of mp53 protein in association with apoptotic cell death in human squamous carcinoma cells expressing only mp53 (Kwok et al., 1994) . Moreover, transfection of a mp53 gene into cells expressing wt p53 in cisplatin-resistant ovarian carcinoma cells produced a signi®cant increase in sensitivity to cisplatin (Brown et al., 1993) . Further, it has been reported that dierent p53 mutants exhibit both DNA binding and transcriptional activation functions (Zhang et al., 1993; Park et al., 1994) . Surprisingly, the p53 mutant expressed in the sensitive CEM cell line was found to bind to DNA as well as transactivate a reporter construct (Park et al., 1994) . This novel observation was explained by the possibility that oligomerization of these two dierent mp53 proteins (codon 175 mutant p53 and codon 248 mutant p53) may result in trans-complementation such that these p53 oligomers may form normal functioning proteins (Park et al., 1994) . In addition, one recent study has identi®ed small synthetic compounds that stabilize the active conformation of the DNA binding domain of mp53, enabling mp53 to activate transcription (Foster et al., 1999) . The possibility exists that in our drugsensitive CEM cells mp53 may also be`stabilized' in such a way that allows functional activity.
While mp53 plays a functionally active role in DNA damage-induced cell death in the drug-sensitive cells, this response appears to be down-regulated and/or attenuated in the VM-26-resistant cell lines. Thus, one contributing factor to the drug resistance of these cells (i.e. attenuation of the p53-dependent pathway leading to cell death) may involve the striking changes observed in the half-lives of the mp53 protein in the drug-sensitive and -resistant cell lines. Pulse-chase experiments revealed that the half-lives of mp53 protein were *12, 17 and 430 h in CEM, CEM/ VM-1, and CEM/VM-1-5 cells, respectively. These data suggest that the prolonged half-life of mp53 protein may play a critical role in the sensitivity of tumor cells to DNA damaging agents. Although the molecular mechanism associated with increased p53 protein and its extended half-life in our drug-resistant cell lines compared to the drug-sensitive cells is unclear, the impaired degradation of mp53 protein in drug resistant cells may account in part for its prolonged half-life. p53 protein degradation is believed to be controlled through a tightly regulated ubiquitination pathway (Maki et al., 1996) . Experiments are in progress in our laboratory to determine whether this pathway is altered in these cell lines. The extended half-life and loss of p53 function in the drug-resistant cells compared to the drug-sensitive cells is not due to nuclear exclusion, as equivalent p53 protein levels were apparent by Western blot in both nuclear and cytoplasmic fractions derived from drug-resistant cells (Morgan and Beck, unpublished observation).
Our studies do reveal, however, that constitutive levels of MDM2, a negative regulator of p53 , are lower in the VM-26-resistant cells, compared to the drug-sensitive cells. The MDM2 protein functions as a ubiquitin ligase for p53, thereby targeting p53 for degradation (Honda et al., 1997) . Interestingly, our data reveal that there is both an increase in p53 protein and in p53-MDM2 binding interactions in the VM-26-resistant cells, suggesting that p53-targeted degradation mediated by MDM2 may be altered in such a way that it stabilizes p53 but does not target p53 for degradation. One study has in fact revealed dominant-negative forms of MDM2 that stabilize p53 but lack the degradative function (Kubbutat et al., 1999) . Furthermore, stabilization of p53 by these mutant MDM2 proteins also abrogated p53 functional activity (Kubbutat et al., 1999) . Whether such alterations in MDM2 also exist in our drug-resistant cells expressing constitutively higher levels of non-functional mp53 compared to the drugsensitive cells remains to be determined. We are presently examining MDM2 in our cells for its regulation, for mutations, and to further de®ne the biochemical interactions between MDM2 and mp53 in the VM-26-sensitive and -resistant cells.
In addition to the decreased constitutive levels of MDM2 in our drug-resistant cells, our studies also revealed that MDM2 protein levels were further decreased in response to DNA damage in both the drug-sensitive and -resistant cell lines. This result was unexpected since MDM2 expression is normally activated in response to DNA damage in a p53-dependent manner . However, another study demonstrated that treatment of a tumor cell line with the topoisomerase II inhibitor, etoposide, led to down-regulation of MDM2 at both the RNA and protein levels, whereas the other p53-responsive genes, GADD45 and p21, were induced in a dosedependent manner (Arriola et al., 1999) . Hypoxia treatment of a human colorectal carcinoma cell line also resulted in the down-regulation of MDM2 protein levels (Alarcon et al., 1999) . These ®ndings, with ours, suggest that inhibition of MDM2 expression may be regulated through a p53-independent mechanism that may also be cell-type speci®c.
It remains to be determined how mp53 may be involved in tumor cell susceptibility to cell death by anticancer agents and, furthermore, how changes in mp53 protein stability in the VM-26-resistant cells play a role in anticancer drug responsiveness. One contributing factor to the resistance phenotype of the CEM/VM-1-5 cells appears to be the increased level of MRP (* 30 times more MRP mRNA and protein than in CEM cells; Wang and Beck, 1998) . This overexpression of MRP is believed to be regulated in part by a loss of wt p53 function. MRP promoter activity is suppressed by wt p53 protein, while mutant p53 is permissive for its expression in these cells (Wang and Beck, 1998) . Whether an increased half-life of the mp53 protein in the CEM/VM-1-5 cells plays a direct role in this enhanced expression of MRP protein levels remains to be determined.
Overall, our results suggest that the unresponsiveness of mp53 protein in the drug-resistant cells may play a role in the resistance of these cells to drug-and radiation-induced cell death. Studies are presently underway to clarify the relationships between mp53 responsiveness, p53 stability, p53-MDM2 biochemical interactions, and cell cycle and cell death responses in drug-resistant and -sensitive cell lines. Further insight into the dierences in signaling pathways between drug-resistant and -sensitive cells should ultimately enhance our knowledge of drug responsiveness.
Materials and methods
Cell lines, and drug and irradiation treatments
The human leukemic CEM cells and the drug-resistant sublines, CEM/VM-1 and CEM/VM-1-5, developed in our laboratory (Danks et al., 1987 (Danks et al., , 1988 , were cultered in SMEM (BioWhittaker) supplemented with 10% fetal bovine serum (Sigma Chemical Co.), and 2 mM L-glutamine (BioWhittaker) as described previously (Danks et al., 1987; Chen and Beck, 1993) . The two human ovarian cell lines, PA-1 (harboring a wild-type p53), and SW626 (harboring a mutant p53) (American Type Culture Collection), were grown in RPMI 1640 supplemented with 10% fetal bovine serum and 2 mM L-glutamine. All cell lines were incubated at 378C in a humidi®ed chamber containing 5% CO 2 , 95% air. VM-26 was generously provided by Bristol Myers Squibb, through the courtesy of Dr Byron H Long (Princeton, NJ, USA). Exponentially growing cells were irradiated at the indicated doses with a 137 Cs source at a dose rate of approximately 3.55 Gy/min. The proteosome inhibitor ALLN (Sigma) was added to the cells at a ®nal concentration of 20 mM. Cells were harvested at indicated times after DNA damage or ALLN treatments.
Nucleotide sequencing
For ampli®cation of p53 exons, single-stranded p53 cDNAs were synthesized from total RNA (5 mg) derived from CEM, CEM/VM-1 and CEM/VM-1-5 cells using Superscript II RT (Life Technologies) in the presence of 3' gene-speci®c primers. Following the RT reaction, cDNAs were PCR-ampli®ed according to standard conditions: denaturing at 948C, 30 s; annealing at 508C, 30 s; extension at 728C, 1.5 min, using a commercial kit (Ampli-Taq, Perkin-Elmer Corp.). PCR clones were sequenced by the dideoxy chain termination method with the Sequenase kit version 2 (Amersham) according to the manufacturer's instructions. The following primers were used for the ampli®cation of p53 exons: 2-3, AGCCAGATCGCCTTCCGGGTC (sense) and TTCATCT-GGACCTGGGTCTT (antisense); exon 4, ATTTGATGCT-GTCCCCGGAC (sense) and ACAGACTTGGCTGTCCC-AGA (antisense); exon 5, TACGGTTTCCGTCTGGGCTT (sense) and GTGCTGTGACTGCTTGTAGA (antisense); exon 6, GCCATCTACAAGCAGTCACAG (sense) and CACCACACTATGTC GAAAAGT (antisense); exon 7, GGAAATTTGCGTGTGGAGTA (sense) and CTTCCAGT GTGATGATGGTG (antisense); exon 8 ± 9, ATGAACCG-GAGGCCCATCCT (sense) and CATTCAGCTCTCGGAA-CATC (antisense); and exon 10 ± 11, CCAAAGAAGAAA-CCACTGGAT (sense) and TCTCAGTGGGGAACAAGA-AG (antisense).
Immunoprecipitation of p53 from 35 S-labeled cellular extracts Cells (6610 6 total) were washed and resuspended in methionine-free medium and incubated for 30 min at 378C. This medium was then replaced with methionine-free medium containing 100 mCi 35 S-methionine/ml (Trans 35 S-label, 1000 Ci/mmol, ICN), and the cells were incubated for 1 h. After washing with PBS, the cells were incubated on ice for 15 min in 16lysis buer (0.58 M Na 2 HPO 4 , 0.17 M NaH 2-PO 4 , 0.68 M NaCl, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 0.5 mM PMSF, 10 mg aprotinin/ ml). The lysates were centrifuged at 10 000 g for 30 min to remove insoluble material. For immunoprecipitation, the cellular extract was pre-cleared with protein-A agarose (Oncogene) for 1 h. After removing the protein-A agarose, 1 mg of p53 antibody (either PAbs 421, 1620, or 240; Oncogene) was added to the supernatants, which were incubated with rotation at 48C for 1 h, after which protein-A agarose was added for an additional 1 h. The immunoprecipitates were collected by centrifugation, and the pellets were washed four times with 16lysis buer. The pellets were resuspended in SDS sample buer (65 mM, Tris-HCl pH 6.8, 5% 2-mercaptoethanol, 3% SDS, 10% glycerol), boiled for 5 min, loaded onto 10% SDS polyacrylamide gels, and the proteins were separated by electrophoresis (Laemmli, 1970) . The gels were dried and directly autoradiographed.
For pulse-chase experiments, cells (6610 6 total) were washed and resuspended in methionine-free medium and incubated for 30 min at 378C. This medium was then replaced with methionine-free medium containing 100 mCi 35 S-methionine/ml, and the cells were incubated for 1 h, after which the medium was replaced with 50 mM methioninecontaining medium and cells were harvested at various time points as indicated in the ®gures. Immunoprecipitations were performed as described above.
Co-immunoprecipitation of p53 and MDM2
Exponentially growing cells were washed in 16ice-cold PBS and lysed at 48C in 16lysis buer (250 mM NaCl, 1% NP-40, 20 mM Tris-HCl at pH 7.5, 1 mM EDTA, 2 mg aprotinin/ ml, and 0.5 mM PMSF). Lysates were clari®ed at 10 000 g for 15 min and pre-incubated with protein-G/protein-A agarose at 48C for 1 h, while rocking. These lysates were then centrifuged (10 000 g) and the supernatant was incubated with 5 mg of mouse monoclonal anti-p53 antibodies (Ab-2 and Ab-6; Oncogene) on ice for 2 h. As a control for nonspeci®c binding, an immunoprecipitation reaction was also done using a primary mouse monoclonal antibody of the same isotype as the anti-p53 antibodies (mouse IgG2a, Kappa immunoglobulin, Sigma). Protein-G /protein-A agarose (Oncogene) was added and the lysates were further incubated at 48C for 1 h, with rocking. The immunoprecipitate beads were collected by centrifugation, and the pellets were washed three times with ice-cold 16wash buer (150 mM NaCl, 1% NP-40, 20 mM Tris-HCl at pH 7.5, 1 mM EDTA, 2 mg aprotinin/ml, and 0.5 mM PMSF). The beads were boiled in SDS sample buer, and immunoprecipitated p53 was electrophoresed on a 10% SDS polyacrylamide gel. Protein was electrophoretically transferred to Immobilon-P membrane (Millipore) and the levels of p53 and MDM2 protein were detected by immunoblot analysis using either a polyclonal sheep anti-p53 antibody (Ab-7; Oncogene), or a monoclonal anti-MDM2 antibody (Ab-1; Neomarkers). Bound antibody was detected using the enhanced chemiluminescence. (ECL) detection method (Amersham) according to the manufacturer's instructions.
Immunoblot analysis
Untreated or treated cells (*5610 5 cells/ml) were harvested and solubilized in Laemmli sample buer (Laemmli, 1970) . For detection of p53, p53 serine-15 phosphorylation, or MDM2, cellular extracts (100 mg/well) were separated in 10% SDS-polyacrylamide gels. For analysis of p21, GADD45, bcl-2, or bax protein, cellular extracts (100 mg/well) were separated in 12% SDS-polyacrylamide gels. All gels were electrophoretically transferred onto nitrocellulose and ®lters were blocked in 5% BSA in TBST buer (40 mM Tris-HCl, pH 7.2, 150 mM NaCl, 0.05% Triton X-100) for 1 h at room temperature. After incubation with either a monoclonal antip53 antibody (Ab-6; Oncogene), a polyclonal anti-phospho-53-serine15 antibody (New England Biolabs), a monoclonal anti-MDM2 antibody (Ab-1; Neomarkers), a monoclonal anti-p21 antibody (Ab-5; Neomarkers), a polyclonal anti-GADD45 antibody (Zymed), or polyclonal anti-bcl-2 or -bax antibodies (Santacruz Biotechnology) for 2 h, ®lters were washed three times in TBS buer containing 0.05% Triton X-100. Bound antibody was detected using the enhanced chemiluminescence (ECL) detection method (Amersham) according to the manufacturer's instructions. Autoradiographic signals were quanti®ed by densitometric scanning using a GS-700 Imaging Densitometer and Molecular Analyst Software (Bio-Rad). All blots were stripped and reprobed using anti-b-actin antibody (Oncogene Research Products) to control for protein loading.
MTT cytotoxicity assay
Exponentially growing CEM, CEM/VM-1, and CEM/VM-1-5 cells were irradiated at the indicated doses and then immediately plated at 500 cells/well in 96-well microtiter plates (200 ml/well), and the cells were incubated at 378C for 96 h. After drug exposure, 25 ml of MTT compound (Sigma; 4 mg/ml in SMEM without FBS) were added to each well and the cells were incubated at 378C for 4 h. The plates were centrifuged in a swinging bucket rotor (1000 g, 5 min), and the cells were incubated with 200 ml of DMSO for 15 min at 258C. The metabolic activity of the cells was measured by quantifying the conversion of the yellow MTT to a purple metabolite, MTT-formazan. Optical density was read at 540 nm using a microplate reader. Four replicates were measured for each drug concentration.
